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ABSTRACT In GnRH-secreting (GT1) neurons, activation of Ca®"-mobilizing receptors induces a sustained membrane
depolarization that shifts the profile of the action potential (AP) waveform from sharp, high-amplitude to broad, low-amplitude
spikes. Here we characterize this shift in the firing pattern and its impact on Ca®" influx experimentally by using prerecorded
sharp and broad APs as the voltage-clamp command pulse. As a quantitative test of the experimental data, a mathematical
model based on the membrane and ionic current properties of GT1 neurons was also used. Both experimental and modeling
results indicated that inactivation of the tetrodotoxin-sensitive Na* channels by sustained depolarization accounted for a
reduction in the amplitude of the spike upstroke. The ensuing decrease in tetraethylammonium-sensitive K* current activation
slowed membrane repolarization, leading to AP broadening. This change in firing pattern increased the total L-type Ca®"
current and facilitated AP-driven Ca®" entry. The leftward shift in the current-voltage relation of the L-type Ca®* channels
expressed in GT1 cells allowed the depolarization-induced AP broadening to facilitate Ca®* entry despite a decrease in spike
amplitude. Thus the gating properties of the L-type Ca®" channels expressed in GT1 neurons are suitable for promoting
AP-driven Ca®™ influx in receptor- and non-receptor-depolarized cells.

INTRODUCTION

In cells expressing voltage-gated Cachannels (VGCCs), broad, low-amplitude spikes (hereafter broad spikes) (Van
action potential (AP) firing promotes €4 entry, which  Goor et al., 1999a,b). Activation of thyropropin-releasing
triggers a variety of biochemical events involved in thehormone or corticotropin-releasing hormone receptors also
control of cell function. The frequency, amplitude, duration, depolarizes the baseline potential, which leads to a similar
and rate of rise and fall of AP-driven €asignals deter- shift in the pattern of firing in pituitary lactotrophs and
mine the magnitude and/or specificity of the cellular re-corticotrophs, respectively (Sankaranarayanan and Si-
sponse (Spencer et al., 1989; Hsu et al., 1996; Dolmetsch @fasko, 1996; Kuryshev et al., 1997).

al., 1997, De Konninck and SChUlman, 1998, Charles et al., However, the re|ationship between the prof”e of the AP
1999). In general, the profile of the AP waveform and theygyveform and voltage-gated €ainflux and the ionic
gating properties of the VGCCs determine the peak anghechanisms mediating agonist-induced spike broadening in
duration of the voltage-gated €acurrent (c.), which in  neyroendocrine cells have been incompletely characterized.
turn dictate the pattern of ¢a influx. Consequently,  Eor example, experimental (McCobb and Beam, 1991; Toth
changes in the AP profile and/or VGCC gating propertiesyng wjiller, 1995) and theoretical (Augustine, 1990) find-
can alter AP-driven Cd signaling. This is of potential ings indicate that spike broadening increases pealbe-
physmloglgal _rele_vance for many cell types, in which '®" cause of an increase in the probability of the channels being
ceptor activation is frequently accompanied by changes N the open state. In contrast, spike broadening has been
found to decrease the pedk, in some neurons (Park and

the pattern of AP firing. For example, in immortalized
gonadotropin-releasing hormone (GnRH)-secreting neuronI5un|ap 1998). A reduction in spike amplitude has also been
emonstrated to decrease the péak (Toth and Miller,

(GT1 cells), activation of endogenous phospholipase C-
Cougled GnRH receptors_ stimulates a_voltage-m_depende 95) and associated Eaentry (Callaway and Ross, 1995
ca" current that depolarizes the baseline potential reache ) L
pruston et al., 1995), reflecting the activation of fewer
hannels. In addition, several potential mechanisms could

during the interpulse interval. This increases the frequenc
of firing and shifts the profile of the AP waveform from diat ist-induced spike broadening. O ibilit
sharp, high-amplitude spikes (hereafter sharp spikes) tgrediate agonist-induced spike broadening. ©Une possibility
Is that agonist-induced activation of intracellular signaling
pathways may inhibit voltage-gated *Kcurrents [) to
Received for publication 3 November 1999 and in final form 5 June 2000stimulate spike broadening (Goldsmith and Abrams, 1992).
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and the associated increase in intracellula?‘Cegoncentra-  Clampex 8 (Axon Instruments). All values in the text are reported as
tion ([Ca2+]i). means*+ SEM. In some cases, the current-voltage relations were fit with

In this study, we first examined the ionic mechanism 2 Sing!e Boltzmann relationl s, = 1/(1+ exp(E — E; /), wherel pq,

L . . . . . is the maximum inward currenk is the prepulse potentiak, , is theV,,
mediating depolarization-induced spike broadening in GT]at which there is 50% of the maximum current, dni$ the slope factor.

neurons, using prerecorded sharp and agonist-induced bro@gferences between groups were considered to be significant when
AP waveforms as the voltage command. The use of preres.05 with the paired test.
corded AP waveforms allows for the physiological charac-

terization of the ionic currents underlying the generation of

different AP waveform subtypes. The validity of our exper- Measurement of [Ca

imental findings was tested by comparing them with aGT1 neurons were incubated for 15 min at 37°C in phenol red-free medium
computational model that was based exclusively on thé99 containing Hanks' salts, 20 mM sodium bicarbonate, 20 mM HEPES,

properties of the individual ionic currents characterized inad 0-5uM indo-1 AM (Molecular Probes, Eugene, OR). The coverslips
with cells attached were then washed twice with modified Krebs-Ringer’s

GT1 neuron.s' We next exammeq the |mpac£ qf the S.hlﬂ Insolution containing (in mM) 120 NaCl, 4.7 KCl, 2.6 CaC2 MgCl,, 0.7
the AP profile onlc, to determine why C& influx is 450, 10 HEPES, and 10 glucose (pH adjusted to 7.4 with NaOH) and
enhanced despite the decrease in spike amplitude duringounted on the stage of an inverted epifluorescence microscope (Nikon).
sustained membrane depolarization. Finally, we used thé Nikon photon counter system was used to simultaneously measure the
GT1 cell model to examine the influence of VGCC gating intensity of light emitted at 405 nm and at 480 nm after excitation at 340

: e - nm. Background intensity at each emission wavelength was corrected.
properties on the ablhty of AP broademng to enhanCdéla'e Perforated patch recording techniques (see above) were used to control the

V,, and to inject the different AP waveforms to measure AP-drivefi‘Ca
entry. The data were digitized at 4 kHz, using a PC equipped with the
Clampex 8 software package in conjunction with a Digidata 1200 A/D
converter (Axon Instruments). The [€; was calibrated in vivo accord-
ing to the method of Kao (1994). BrieflR,,;, was determined by exposing
All experiments were performed on the GT1-7 subtype of immortalizedthe cells to 10uM Br-A23187 in the presence of Krebs-Ringer’s solution
GNRH neurons (Mellon et al., 1990), which were originally provided by With 2 mM EGTA and 0 C&" for 60 min; 15 mM C&" was then added
Richard I. Weiner (University of California, San Francisco). The cells weret0 determineR..,. The values used foRyin Ruax S 480 480 aNdKy
grown in 75-ml culture flasks containing culture medium composed ofWwere 0.472, 3.634, 3.187, and 230 nM, respectively.
Dulbecco’s minimum essential medium/F-12 (1:1) witlglutamate, pyr-
idoxine hydrochloride, 2.5 g/liter sodium bicarbonate, 10% heat-inacti-
vated fetal bovine serum, and 1Q8y/ml gentamicin (GIBCO, Grand Chemicals and solutions
Island, NY). At confluence, the cells were dispersed by trypsinization
(0.05% trypsin) for 10 min, resuspended in culture medium, and plated orftock solutions of tetrodotoxin (TTX) citrate (Research Biochemicals
poly-L-lysine-coated (0.01%) coverslips (50,000 cells/ml) in 35-mm tissuelnternational, Natick, MA) were prepared in double-distilled, deionized
culture dishes (Corning, Corning, NY). After incubation for 48 h, the Water. Stock solutions of nifedipine and -S¢Bay K 8644 (Research
culture medium was replaced with medium containing B-27 serum-freeBiochemicals International) were prepared in dimethylsulfoxide and etha-
supplement (GIBCO) to induce morphological differentiation of the cells. NI, respectively. The maximum final concentrations of dimethylsulfoxide
All experiments were performed 3-5 days after serum removal. and ethanol were 0.1% and 0.01%, respectively, neither of which altered

the electrical membrane activity of ionic currents.

For the recording of electrical activity and total inward and outward

Electrophysiological recordings currents, the extracellular medium contained modified Krebs-Ringer salts,

and the pipette solution contained (in mM) 70 KCI, 70 K-aspartate, 1
With the exception ofl, recordings, all ionic currents and membrane MgCl,, and 10 HEPES (pH adjusted to 7.2 with KOH). To isolate voltage-
potentials ¥,,,) were measured with the perforated-patch recording tech-dependent Na currents [y,), the extracellular medium contained Krebs-
nigue (Rae et al., 1991). For the recording lgf, regular whole-cell  Ringer’'s solution without CaGland with 20 mM tetraethylammonium
recording techniques were used (Van Goor et al., 1999b). Current-clamfTEA), 5 mM 4-AP, and 5QwM CdCl,, and the pipette contained (in mM)
and voltage-clamp recordings were performed at room temperature with a0 CsCl, 70 Cs-methanesulfonate, 2 MgGind 10 HEPES (pH adjusted
Axopatch 200 B patch-clamp amplifier (Axon Instruments, Foster City, to 7.2 with CsOH). To isolated., conventional whole-cell recording
CA) and were low-pass filtered at 2 kHz. For perforated-patch recordingstechniques were used as previously described (Van Goor et al., 1999b). The
the patch pipette tips (3-5 &) were briefly immersed in amphotericin  extracellular medium contained Krebs-Ringer’s solution with 20 mM TEA,
B-free solution and then back-filled with amphotericin B (248/ml)- 2.6 mM or 10 mM CaCJ, and 1uM TTX (pH adjusted to 7.4 with NaOH).
containing solution. Before seal formation, liquid junction potentials were The pipette solution contained (in mM) 120 CsCl, 20 TEA-CI, 4 MgQb
canceled. An average series resistance of: 1 MQ) was reached 10 min  EGTA, 9 glucose, 20 HEPES, 0.3 Tris-GTP, 4 Mg-ATP, 14 CyPahd 50
after the formation of a gigaohm seal (seal resistancéd G()) and U/ml creatine phosphokinase (pH adjusted to 7.2 with Tris base). Under
remained stable for up to 1 h. When necessary, series resistance compehese recording conditions, thg, was further isolated by subtracting the
sation was optimized. Capacitive current was reduced by coating theurrent evoked in the presence of 100 NiCl, and 200uM CdCl, from
pipette tips with Sylgard (Dow Corning Corporation, Midland, MI) and by the total current. All -, recordings shown and analyzed were of th&"Ni
maintaining low bath solution levels. The remaining capacitive current wasand Cd*-sensitive current. To isolati, the extracellular medium con-
removed by using the capacity compensation circuitry of the patch-clamgained Krebs-Ringer’s solution without Cg@ind with 1uM TTX, and the
amplifier. An average membrane capacitancg)(of 10 = 1 pF ( = 41) pipette contained (in mM) 70 KCI, 70 K-aspartate, 1 MgCand 10
was determined using the membrane test function in Clampex 8 (AxorHEPES (pH adjusted to 7.2 with KOH). All reportéd,, measurements
Instruments). Pulse generation, data acquisition, and analysis were domeade under total current ahg recording conditions were corrected for a
with a PC equipped with a Digidata 1200 A/D interface in conjunction with liquid junction potential of+10 mV between the pipette and bath solution

2+]i

MATERIALS AND METHODS

GT1 cell culture
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(Barry, 1994). Thev,,, underly, recording conditions was corrected for a polarization in the baselin¥,,, which shifts the pattern of
liquid junction potential of+7 mV. No correction was required under Ap firing from sharp to broad spikes (FigA Van Goor et

isolatedlc, recording conditions. The bath containe00 ul of saline ) 19994 ). In this study, both experimental and theoret-
that was continuously replaced at a rate of 2 ml/min with a gravity-driven,

perfusion system. The inflow was placed adjacent to the cell, resulting irlca-I approaCheS were used to determine if depOIarization of
complete solution exchange around the cell within 2 s. A solid Ag/Agcl the baseline/,,, in the absence of receptor activation could
reference electrode was connected to the baarav@ M KClagar bridge.  also shift the profile of the AP waveform. To do this, GT1
cells were depolarized by the application of positive current
Model description injections. This should mimic the effects of agonist-induced
V,,, depolarization, but not those resulting from the activa-
To provide a rigorous quantitative test of the experimental data, w

. . . ) ' W&ion of intracellular messengers other thanCaln nine
developed a mathematical model in which the properties of the ionic

currents used were determined directly from square-wave pulse voltage©Parate cells, 15-pA current injection (FigB)Ldepolar-

clamp data. The ionic currents used included a TTX-sensifiyeL- and  ized theV,,, by 9 = 1 mV, which is similar to that observed
T-type |, a voltage-sensitive (delayed-rectifier-typg), an M-like I, in GnRH-stimulated cells (& 1 mV, n = 15; Van Goor et
(Iv), and an inward rectifiet, (I;,). Furthermore, there is a €aperme-  g|, 1999a,b). Depolarization of thé, by current injection
able, voltage-insensitive inward leak current that offsetsl thighe major

I« active during the interspike period) to maintain repetitive firing. Al-

though GT1 cells express large- and small-conductanéé-@etivated K-

currents (Spergel et al., 1996; Van Goor et al., 1999a), thé'[[Ctevels

reached during spontaneous AP firing are not sufficient to activate them A 100 nM GnRH

and were therefore omitted. All of the currents, exdegtare described by 0 a —
typical Hodgkin-Huxley equations (Hodgkin and Huxley, 1952), including
voltage-regulated activation and inactivation gating variables, macroscopic ‘ «b
ionic conductances, and linear driving forces. The parameters and precise i
forms of the equations, as well as other model parameters, were obtained~= -40
directly from our experimental recordings in GT1 cells (Van Goor et al., _E }
1999b, and unpublished observations). Full model equations and parameter> i i
values are given in the Appendix. ]

In the development of a model system describing the electrical mem- -80*- g '_‘—-80
brane activity in GT1 neurons, a Hodgkin-Huxley-like description of the 25ms
TTX-sensitivel, was initially used. In this description,, exhibited a
large surge of activation during the spike repolarization (data not shown), B
which was never observed experimentally. Simulaigddepolarization
also did not induce spike broadening (data not shown), suggesting that the 0
gating kinetics for théy, in this description do not accurately reflect those
in GT1 neurons. In the Hodgkin-Huxley-like description, it is assumed that ’>\
activation and inactivation are independent processes and that both are &

£
>

- b «a -0

5
(Aw) WA

<+ a
<«b 70

voltage dependent (Hodgkin and Huxley, 1952). However, it has long been
known that this is not the case for TTX-sensitive Nehannels (Bezanilla

and Armstrong, 1977; Aldrich et al., 1983; Kuo and Bean, 1994). Instead,
inactivation is linked to activation and may not be intrinsically voltage -80 -80

dependent, deriving its apparent voltage dependence from the linkage with 'mj |25_ms|
activation. In addition, Kuo and Bean (1994) showed that Maannels
must deactivate fully before they can recover from inactivation. C . .
Consequently, we adapted Kuo and Bean’s (1994) modg|pih rat Model Simulation
hippocampal CA1 neurons for the GT1 neurohglto fit the experimental +15 pA
data. In particular, the slow recovery from inactivation of thg (>500 —
ms; Van Goor et al., 1999b) was incorporated into the description df the av>
in the GT1 cell model. In this description, the Nahannel is composed of 0 0
subunits with four possible states: deactivated (D), activated (A), deacti-
vated-inhibited (D*), and activated-inhibited (A*) (see the reaction scheme <& «+b 3<
in the Appendix for further details). A channel consists of three such & —
subunits, meaning that there are 64 possible states overall. As a whole,\/'40 -40 2
however, the channel can be considered to be in one of three states. The>> ~
conducting (open) state is denoted O and is given solelyhyha channel
is inactivated (1) if any of the three subunits is in either inhibited state. All -80 i —-80
other modes represent the closed (C) state. 1 sec 10 ms
RESULTS FIGURE 1 Depolarization-induced shift from sharp to broad spikes in
GT1 neurons. A and B) Representative/,, traces of the response to
Depolarization-induced shift in AP firing patterns application of 100 nM GnRHA, bar) or +15 pA current injectiong, bar).

. N (C) Simulation of depolarizing current injectiorbdr) in the GT1 cell
It has been shown that activation of endogenou$™€a model. Expanded time scales for the APs identifieciandb in A-C (left)

mobilizing receptors in GT1 neurons induces sustained deare shown in the right panels. The dotted lines represent the basgline
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also mimicked the action of GnRH on firing frequency and A
the profile of the AP waveform (Fig. Aversus Fig. BB). In
particular, depolarization of the baseline potential by 15-pA
current injections increased the firing frequency from 6.6

0.2 Hz to 1.3+ 0.2 Hz f = 9, p < 0.05). In addition, the U e P T 10
peak AP amplitude decreased from 0# 1.6 mV to <
—14.5* 1.0 mV, and the AP duration at one-half amplitude g

increased from 6.7 0.3 ms to 18.8+ 2.5 ms (mean+ 5 40} .40
SEM; p < 0.05;n = 9). In the GT1 cell model, simulation >§, ‘)

Sharp spike train  Broad spike train

(Aw) PERA

of depolarizing current injections also shifted the firing Ty .
pattern from sharp to broad spikes (FigC)L These results -80
indicate that sustained depolarization of the baselings - ~-80
sufficient to mimic the agonist-induced shift in the profile of B
the AP waveform from sharp to broad spikes. *

2001 1200

Voltage-gated ionic currents contributing to
sharp and broad firing patterns

The ionic currents underlying the generation of the different
AP waveforms in GT1 neurons were analyzed using the AP O
clamp technique. Prerecorded spike trains from before -200L L " -200
(sharp spike train) and after (broad spike train) non-recep- 200 ms 200 ms
tor-mediated membrane depolarization were used as the(
command potential in the voltage-clamp recording mode

(Fig. 2). The interspike interval of the sharp spike train was 200
characterized by a pacemaker depolarization that initiated at

urrent (pA)
=
S

(yd) Jusung

@)
a baseline/,,, of —66.7 = 0.3 mV and culminated in spike 5—, B %
initiation at a threshold of-50.7 = 0.7 mV (Fig. 2A, left). € ol 0o =
The rapid upstroke of the AP had a rise rate of 19.2.4 g =
mV/ms and reached a peak potential of 13:01.5 mV. 3 - =
Repolarization was also rapid (16:2.0 mV/ms), limiting 0_200 |
spike duration measured at half-amplitude to £.2.2 ms. -100
For the broad spike train, the pacemaker depolarization was 20 ms 20 ms

initiated at —56.3 = 0.7 mV and culminated in spike
initiation at a threshold 0f-46.3 = 0.9 mV. Compared t0  FGURE 2 Total ionic current evoked by prerecorded sharp and broad
the sharp AP, the upstroke had a slower rise rate {3073 spike train command potentials in GT1 neuromg.{ypical example of the
mV/ms) and a lower peak potentiat-8.0 + 1.0 mV; Fig. AP firing patterns before (sharp spike train) and after (broad spike train)
2A, right). Repolarization was also slower (53 0.3 agonist-induced/,,, @pola_riza_tion.&) Total ionic current evoked by the

h . . sharp and broad spike trains in the voltage-clamp mode from the same cell.
mV/ms), resulting in a longer QUratlon _O_f AP_ (19811 (C) Expanded time scale of spikes-¢ - -) and theevoked currents (——)
ms). Under total current recording conditions in the voltage4gentified by the asterisks iB. TheV,, recordings shown is were used
clamp mode, both the sharp and broad spike trains activates the broad and sharp spike train command potentials under all subsequent
an inward current followed by an outward current (Figg)2  experimental conditions.
The net inward current increased rapidly during the spike
upstroke, whereas the net outward current predominated
during the repolarization phase (FigC2. the inherent properties of the individual ionic currents ex-

The ionic currents underlying the generation of the shargressed in GT1 neurons.

and broad AP waveforms in GT1 neurons were also ana-
lyzed using _the GT1 ceI_I _model (Flg_./&. As observed Dependence of spiking pattern on
under experimental conditions, a net inward current gener\}oltage-gated |
ated the upstroke of both the sharp and broad AP wave- Na
forms. This was followed by the development of a netThe physiological roles df, in the generation of sharp and
outward current that repolarized the cells (FigB&andC). broad AP waveforms were analyzed under isolatgg
These experimental and theoretical results indicate that theecording conditions as described in Materials and Methods.

depolarization-induced shift in the AP waveform is due toUnder these conditions, both the sharp and broad spike

Biophysical Journal 79(3) 1310-1323
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activated a transiemyf, atV,, more depolarized thanr47 *
1 mV (n = 12). The mean amplitude of this currentZ5 +
3 pA, n = 12; Fig. 4A, right) was much smaller than that

A Model Simulation
Sharp spike train Broad spike train

O -doeodieeaee - -0 evoked by the sharp spike train (Fig.A4andC). Although
a majority of thel, was activated during the upstroke of
S - - < the broad spikes, small amounts of current were also ob-
é 2 served during the sustained pacemaker depolarization and
2 -401- 1-40 3 the repolarization phase (Fig.G right). The GT1 cell
< i jt//uL i < model mimicked these experimental observations when
""""""""" Kuo and Bean’s (1994) description &f, was used (Fig.
-80L J_go 4D).
Based on the conventional square waveform voltage-step
protocols, we previously suggested that the reduction in AP
B amplitude during agonist-induce¥,, depolarization re-
* _ flected the steady-state inactivation of thg. To test this
_ 200 . 200 o hypothesis more directly, the steady-state inactivation of the
g_ 0 do = spike-induced,,, was examined using a modified two-pulse
= - ) M\ o protocol. Cells held at-67 mV were subjected to 1.5-s
§ 200 1200 f: conditioning prepulses from 87 mV to —37 mV before the
5T g application of a single sharp spike (FigA5left). The peak
o = Iva €voked during the spike was then plotted against the
-400L o L -400 conditioning prepulse and fitted with a Boltzmann relation,
200 ms 40 ms whereE,,, andk (see Materials and Methods) were61.3
mV and 5.6 mV, respectively (Fig. A, right). The sharp
C decline in peaky, between—80 mV and—50 mV indicates
4100 that small degrees of depolarization of the baseline potential
200 g are sufficient to limitl, participation during spike gener-
< 3 ation. This is consistent with the smaller pdgk amplitude
£ o 40 g activated by the broad spike train than that activated by the
% 5 sharp spike train.
£ -2001 = The reason for the decreaseljy, amplitude in response
8 . J-100 to sustained/,,, depolarization is illustrated by the relative
-400L | L proportions of the N& channel states during AP activity
10 ms 10 ms derived from the GT1 cell model (Fig. B). For sharp

spikes (Fig. B, left), ~60% of the channels are available to
FIGURE 3 Simulations of the total ionic current evoked by sharp andbe activated before spike initiation, the remainder being in
broad spike train command potentials in the GT1 cell modgl.The AP the inactivated state. During the spike, less than 10% of the
firing patterns before (sharp spike train) and after (broad spike train) thesodium channels are in the conducting state, as most be-

simulation of agonist-inducel,,, depolarization. B) Total ionic current . tivated d lowlv to th | d state. |
underlying the generation of sharp and broad spike traibsEkpanded come Inactivated and recover slowly 10 the closed state. In

time scale of spikes-¢ - - -) and theunderlying currents (—) identified depolarized cells firing broad spikes (FigB5right), more

by the asterisks ifB. than 90% of the channels are in the inactivated state before
spike initiation. Consequently, the fraction of available so-
dium channels is small, which is reflected by the snhgl|

trains evoked an inward current that was abolished by TTXgvoked during the spike upstroke (FigD4. Together with

a specific blocker of voltage-gatéd, (Fig. 4,AandB). The  the experimental data, these results demonstrate that sus-

sharp spike train evoked a transient inward current,at tained V,, depolarization inactivates,, to reduce spike

more depolarized thar50 = 1 mV (n = 12), which was amplitude in GT1 neurons.

near the spike initiation threshold in these cells (FigA,4

left). Thely, reache(_j a peak amplitu_de ef_213_ + 17 pA, Dependence of spiking pattern on

then decreased rapidly because of inactivation and deaCt\'ioltage-gate dl

vation (Fig. 4C, left). Most of thel,, was observed during K

the sharp upstroke of the AP, but a small amount wasVe next examined the possibility that the decrease in spike

observed during the repolarization phase (Fi@, 4eft) and  amplitude caused by inactivation &f, during sustained

may correspond to the resurgdgt, in other neurons (Ra- baselineV,, depolarization limitslc activation to promote

man and Bean, 1997, 1999). The broad spike train alsgpike broadening. Under isolatéd recording conditions

Biophysical Journal 79(3) 1310-1323
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FIGURE 4 The contribution of TTX-sensitivig,, to the generation of sharp and broad spike trains in GT1 neurAhfegpresentative current trace of
the isolated , (botton) evoked by the sharp (holding potential —67 mV) and broad (holding potential —51 mV) spike trainstpp) in the same cell.
(B) (Leff) Representativé,, traces evoked by sharplj and broadf) spike trains in the absence and presereeo(vs) of 1 uM TTX in the same cell.
For clarity, only the currents evoked during the middle spikes were shdRighf Effects of 1uM TTX on the |, evoked by the spike train command
potentials (mean: SEM, n = 5). Asterisks denote significant differences compared with control vapies0.01, paired-test. C) Expanded time scales

of the spike trains-(- - - -) and theevokedl,, (—) identified by the asterisks iA. (D) Simulation of thel, (——) underlying the generation of sharp
and broad AP waveforms {---) in the GT1cell model.

(see Materials and Methods), both the sharp and broad spikgstroke. Most of thé,, however, was observed during the
trains evoked an outward current that was reduced by th&alling phase of both waveform subtypes (Fig@GandD).
application of 2 mM tetraethylammonium (TEA) (Fig 6  The impact ofl, on the rate ol repolarization (¥,/dt)
andB). However, the peak TEA-sensitivg evoked by the at a given time point was calculated by dividing theby
broad spike train was much lower than that evoked by thehe C,. Using a mearC, of 10 = 1 pF (W = 41) and the
sharp spike train (Fig. €). The pealk, amplitudes during peakl evoked by sharp or broad spike trains, the maximum
the sharp and broad spike trains were 3028 pA and calculated rates of,, repolarization due tb, activation for
107 = 17 pA, respectivelyr{ = 12;p < 0.01). Inthe GT1 each waveform were 30 mV/ms and 10.7 mV/ms, respec-
cell model, the behavior of thé, was similar to that tively. These results demonstrate that TEA-sensitiveme-
observed experimentally. In particular, theunderlying the  diates the rate oY/, repolarization during both sharp and
generation of sharp spikes was of much greater amplitudbroad AP firing patterns in GT1 neurons. They also indicate
than that observed during broad spikes (FidR)6 that spike amplitude, which is determined by the availability
Under both experimental and theoretical conditions, theof I, before spike initiation, controls the rate gf, repo-
I, began to activate during the latter part of the spikelarization by determining the amount bf activation.
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FIGURE 5 Depolarization-induced
inactivation leads to the reduction in
Ina @mplitude during the broad spike
train. (A) Steady-state inactivation of
thely, evoked by a single sharp spike
in GT1 neurons. The steady-state in-
activation curves for thd,, were
generated from prepulse experiments
in which the V,, was stepped from
—87 mV to —37 mV for 1.5 s before
the application of the AP waveform
(holding potential= —87 mV). (Left) -1000 L -« -87

Representative traces of théy, L L :
evoked by the spike train after pre- 20 ms -100 -80 -60 -40
pulse potentials between-87 and E (mV)

—37 mV. Righ) Steady-state inacti-
vation curve of thely, (mean =
SEM; n = 5). The current was nor- Sharp AP Broad AP
malized to the maximum inward cur-

rent and fitted with a single Boltz- 1.0 \/_\ 7 1.0
mann relation. The dashed lines |

indicate the range of baseling, ob-
served in spontaneously active GT1
neurons. B) The time course of the
open (O), inactivated (l), and closed
(C) states of the,, during the firing
of sharp and broad AP waveforms.
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Dependence of voltage-gated Ca®* entry on the was greater during the broad spike train compared to the
pattern of firing sharp spike train (Fig. D).

T ine the i ¢ of spike broadeni it In further studies, we characterized the ionic and phar-
;{:g‘érglnsmr € Irzpr)ggn'?or:glthe ?ikeer:jmbg tc;1ne \Slﬁa?ge'macological characteristics of thg, evoked by the prere-

9 Y, W : .bca v y i P corded spike trains. In 15 individual cells, increasing the

and broad AP waveforms under isolated recording con-

- .
ditions as described in Materials and Methods. In 15 indi_extracellular C&" concentration from 2.6 to 10 mM aug-

vidual cells, application of both sharp and broad spike traingnenteOI the peak:, evoked by both sharp (from 135 15
evoked rapid increases in inwakg, that peaked during the pAto 256 37 pA) and broad (from 102 1_1, pAto 161*
initial phases of spike repolarization (Fig.AandB). The 22 PA) AP waveforms. Moreover, the ability of the broad
occurrence of the pedk., during the repolarization phase is AP Waveform to drive more C4 per spike into the cell was
presumably due to the increase in driving force and timgnaintained in the presence of 10 mM extrz_icell_ulaﬁta
required for the voltage-dependent deactivation of the"Ca (Fig- 8A). Application of the VGCC antagonist nifedipine
channel. Consistent with the role of spike amplitude infeduced the integrateit, evoked by both AP waveform
mediating voltage-gated &4 influx, the peaki., ampli-  Subtypes (Fig. 8). In contrast, the VGCC activator Bay K
tude evoked by the broad spike train was lower than thaB644 increased the integrateg, evoked by both the sharp
evoked by the sharp spike train. However, despite the loweand broad AP waveforms (Fig.B. Thus, depolarization-
peakl., amplitude, the integrateld , was greater (Fig. B  induced spike broadening increases the integrdted
andC). In the GT1 cell model, the behavior of tihg, was  through L-type C4' channels.

similar to that observed experimentally. In particular, de- To examine the dependence of voltage-gateti Gantry
spite the decrease in pegk, amplitude, the integrateld.,  on the profile of the AP waveform, we measured the in-
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FIGURE 6 Voltage-gateti. evoked by sharp and broad spike trains in GT1 neurd¥dsplatedl (botton) evoked by the sharp and broad spike train
command potentialgdp) in the same cell.R) (Leff) Representativé, traces evoked by sharplj and broad) spike trains in the absence (—) and
presence-(- - - -) of 2 mM TEA in thesame cell. For clarity, only the currents evoked during the middle spikes were sHeight) Effects of 2 mM TEA

on thel, evoked by the spike train command potentials (mea®EM, n = 5). Asterisks inB indicate significant differences compared with control values:
p < 0.01, paired-test. C) Expanded time scale of the spike trairs {- -) and theevokedI ( ) identified by the asterisks iA. (D) Simulation of
the I ( ) underlying the generation of sharp and broad AP waveforms-() in the GT1cell model.

crease in [C&']; in response to sequential application of 60 amplitude. Experimental studies indicate that both the acti-
prerecorded sharp or broad APs given at a frequency of 2ation threshold and peak amplitude of the dihydropyridine-
Hz. Under total current recording conditions, the broadsensitivel-,in GT1 neurons occur at relatively hyperpolar-
spike train increased the [€8; more than the sharp spike ized membrane potentials compared to those of other cell
train (Fig. 9). This increase in [€&]; evoked by both the types. We utilized the mathematical model to estimate the
sharp and broad spike trains was attenuated by applicatiampact of their different-V characteristics oh-, during the

of 1 uM nifedipine and enhanced by the application of 1firing of sharp and broad APs. To do this, we shifted the
uM Bay K 8644 (Fig. 9). These results are consistent withhalf-maximum activation of the L-type &a channels in the
the ability of broad spike trains to drive moreTantry via  hyperpolarizing or depolarizing direction (Fig. 20see the
L-type C&" channels than the sharp spike trains. Appendix for details). The modified—V profiles were
within the range observed experimentally in cells express-
ing different isoforms of the L-type G& channel; they are
represented by the dashed lines in Fig.ALOThe experi-
mentally derived-V relationship for the L-type Cd chan-

In contrast to other cell types, spike broadening in GT1 cellsiel in GT1 neurons and the correspondipg underlying
increases the integrateld, despite a decrease in spike the generation of both the sharp and broad AP waveforms

Relationship between I-V characteristics and the
size of I, in firing cells
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FIGURE 7 Voltage-gatetl-,evoked by sharp and broad spike trains in GT1 neurd@¥dsflated -, (botton) evoked by the sharp and broad spike train
command potentialgdp) in the same cell.B) Expanded time scale of the spike trairs{- -) and theevokedl , ( ) identified by the asterisks iA.

(C) Peakl, amplitude [eft) and integrated, (right) evoked by the shard{) and broad §) (mean*= SEM, n = 15) AP waveforms. Asterisks i@
indicate significant differences compared with control valyes: 0.01, paired-test. O) Simulation of thel -, (——) underlying the generation of sharp
and broad AP waveforms {---) in the GT1cell model.

are represented by the solid lines in Fig. #0,and B. DISCUSSION
Shifting the half-maximum activation by 10 mV in the

hyperpolarizing direction increased the integratég, Changes in the AP waveform, as observed in our studies

evoked by both AP waveforms (Fig. B). However, the using GT1 neurons, can occur by a number of physiological
capacity of the broad spikes to drive more?Cantry than ~ Processes, and alterations in thg and/orl, can account
the sharp spikes was reduced (Fig.Q)0Incremental shifts for the observed effects. For example, developmental
in the half-maximum activation of the L-type &achannels ~ changes in Na or K channel density alter the profile of
by 10 mV in the depolarizing direction decreased the intethe AP waveform in some cell types (Gao and Ziskind-
grated|., evoked by both AP waveforms (Fig. B). In  Conhaim, 1998). Similarly, the heterogeneous properties of
addition, the capacity of the broad spikes to drive morethe AP waveform in pacemaker cells from the sinoatrial
C&" entry than the sharp spikes was reduced. Moreoverode are partially due to differences in Nehannel density
when the half-maximum activation of thg, was depolar- (Nathan, 1986; Irisawa et al., 1993). Regional differences in
ized beyond—20 mV, the integrated, underlying the ~Na" or K* channel density or subtype (Westenbroek et al.,
generation of the sharp spike was greater than that undet989; Magee et al., 1998; Poolos and Johnston, 1999) also
lying the broad spike (Fig. 1G). These results indicate that alter the AP waveform in discrete regions of the cell. In
the activation properties of the L-type €achannel isoform  hippocampal neurons, activity-dependegy, inactivation
expressed in a particular cell type can determine the impactediates the decrease in dendritic spike amplitude and
of spike broadening on voltage-gated®Caentry. [C&a®*]; during AP trains (Callaway and Ross, 1995; Spru-
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ston et al., 1995; Jung et al., 1997; Colbert et al., 1997)brane repolarization, which increases spike duration and
Activity-dependent inactivation of K channels also alters augments C& influx through L-type C&" channels. Thus
spike duration and AP-driven €aentry in pituitary nerve  amplitude-dependent spike broadening facilitates AP-driven
terminals (Jackson et al., 1991). Finally, activation of intra-C&* entry, which leads to the increase in fC.
cellular messengers can modulate the activation and inacti- Among the voltage-gated Kchannels that may partici-
vation properties offy, andl to influence the pattern of AP pate in AP repolarization in GT1 neurons, delayed rectifier
firing (Cantrell et al., 1999; Johnston et al., 1999). and A-type K" channels have been identified in GT1 neu-
In GT1 neurons, however, the ability of non-receptor-rons (Bosma, 1993) and embryonic GnRH neurons (Kusano
mediated depolarization to mimic agonist application inet al., 1995). Although we made no specific attempts to
GT1 neurons argues against the involvement of intracellulaseparate these currents, the delay in ¢hannel activation
messengers in the development of spike broadening. land the sensitivity of the spike-inducéd to TEA suggest
addition, because of the low firing frequencies observed irthat the delayed-rectifyindj is critical for spike repolar-
spontaneously active and depolarized GT1 neurenS ( ization in GT1 neurons. This is consistent with the ability of
Hz), activity-dependent inactivation &, or I, contributes ~ TEA to facilitate AP-driven C&" signals in GT1 neurons
little to spike broadening (Van Goor, unpublished data).(Charles and Hales, 1995). The role of other voltage-gated
Rather, our data indicate that the inactivation properties oK™* channels in the control of spike duration and baseline
the TTX-sensitivel, provide a very narrow range of in- potential in GT1 neurons requires further investigation.
terpulseV,, in which the current is available for activation  In addition to voltage-gated Kchannels, C& -activated
before spike initiation. Consequently, small degrees of deK™ channels participate in the control of AP duration and
polarization of the baselin&,, by receptor-mediated or the associated & signal. In GT1 neurons, it has been
non-receptor-mediated pathways decrease the magnitude @émonstrated that small-conductance, apamin-sensitive K
Iva Which in turn reduces the rate of rise and amplitude ofchannels (SK channels) contribute to spike repolarization
the AP upstroke. This decrease in spike amplitude reduceduring broad but not sharp AP firing (Van Goor et al.,
the peak amplitude of the TEA-sensitiig to slow mem-  1999a). In the present study, however, we did not observe a
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Representative [Gd]; traces bottor) evoked by the sharp and broad AP < 151 14 8
train before (Con) and after application ofuM nifedipine (Nif) or 1 uM a 1 —_
Bay K 8644 (Bay K). All [C&"]; tracings are from the same celB)(Net 8 1%
change in peak [G4d]; (mean+= SEM, n = 6) during the sharp{) and = 10} 41.2 a
broad N) AP trains before (Con) and after the application ofulM 8 o
nifedipine or Bay K 8644. Double asterisks denote a significant difference @ 0]
between controls in the sharp and broad treatment groups, and single E) 05 {10 &
asterisks denote significant difference compared with control values in the Qo ‘3’-’
same groupf < 0.01, paired-test). £ N 0.8 g

S
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L N y _ _ Half maximal activation (mV)
significant C&"-sensitive outward current during the appli- )

C"?‘t'(.’” of sharp or broad spike trains (data not Shown)FIGURE 10 Effect of voltage sensitivity of L-type €acurrent on C&"
Similarly, apamin has no effect on the current-voltage rela'|nﬂux. (A) Steady-state current-voltage-Y) curves. The solid line is the
tion in GT1 neurons (Spergel et al., 1996). This is most—v curve for the standard model (half-maximum activatier—40 mV).
likely due to the requirement for sustained firing of broadBy shifting the activation properties of the current, we obtained the
APs to elevate [C%ﬂ, to the levels required for activation alternatel-V curves [ong, medium, _and short dashed, and QOtted-SO,
of the SK channels. During the intermittent application of 732 ~20, and =10 mV, respectively; see the Appendix for further
. . . . details). B) Sharp [eft) and broadright) APs (upper traceywere injected
the AP waveforms used in this study, itis unlikely that SUChinto the model with varying L-type G4 current-voltage sensitivities.
levels would be attained. In addition to SK channels, large1 ower traces show resultant €acurrents. Line types correspond to those
conductance, CGa-activated K~ channels (BK channel) in A (C) Total C&*, for sharp (0) and broad §) AP trains, from
have been identified in GT1 neurons (Spergel et al., 1996)iptegrating curves irB. The curve shows the ratio of integrated®*Cdor
but they do not participate in spontaneous or agonist-inproad to sharp spikes. Note that the curve peaks4 mV, the standard

iri del value.
duced AP firing (Van Goor et al., 1999a). model value
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In general, the pattern of AP-driven @asignaling in  whereC,, (14 pF) is the membrane capacitangg,is the applied current,
excitable cells is determined by the AP profile and gating@dlionic is the sum of the ionic currents, given by

properties of the underlying VGCCs. Using the AP clamp | — | 4| 41+ lor+ Iy + Iy + 1y + Iy
technique in combination with the GT1 cell model, we have
shown that spike broadening increases the integrgateth Ina is the TTX-sensitive Na current, I, and I, are the L- and

facilitate voltage-gated G4 entry. Based on the biophysi- T-ype C&" currents, respectively, aridor, Iy, andl; are the delayed
cal and pharmacological properties lf, in these cells, it irse?f(':eé;'f/c'gr@?r’]; ni?]xggri;ekcgﬂfrreﬁfu"ems‘ respectively. Finallyy
has been concluded that only L- and T-type’Cahannels Initially, a conventional Hodgkin-Huxley-like model fog, (in pA) was
are expressed in the plasma membrane (Bosma, 1993; Hales:d:

et al., 1994; Van Goor et al., 1999b; Costantin and Charles,

1999). The fraction of available T-type €achannels de- Ina = OnelMRaMe Vi — Ena),

creases sharply within the range of baseline potentials okgnereg,, (60 nS) is the conductancen,, andhy, are the activation and
served in GT1 neurons, and their participation in AP firing inactivation gating variables, respectively, afg, (60 mV) is the reversal
is probably similar to that ofy, Therefore, in addition to potential for N& . Similar equations govern the other currents (all in pA):
the reduction in peak spike amplitude, the inactivation of o = 2, (Vs — Eco)

T-type C&" channels in response to receptor-mediated and cat. = GeaMealVm = Ecd,

non-receptor-mediated,, depolarization may also partially lcar = GeamMeatncar(Vin — Ecd),
explain the decrease in pedk. In contrast, the L-type

Ca" channel inactivates very slowly and exhibits little or Ikor = OkorNkorNkorR(Vim — Ex),
no steady-state inactivation between the baseline potentials

reached during unstimulated or agonist-stimulated AP firing Iv = g (Vin — Ex),

(Van Goor et al., 1999b). Consequently, voltage-gated Ca

entry during the sharp spike is probably due to activation of le = G (Vin = B,

both T- and L-type C&" channels, whereas the L-typg, lg = G4(Vin — Eco),
is the primary current contributing to €& entry during
broad spikes. wherege, = 1.3 NS Ec,= 100 mV,gc,r = 0.94 nS9xpr = 20 NS E, =

d—80 mV,gy = 4 nS,g;, = 1.71 nS, and)y = 0.044 nS. The equation for

The influence of AP broadening on the duration an _ . .
each of the gating variables is

amplitude of the underlyingi-, varies among the different
cell types examined. This may be due to differences in the dx Xx,—Xx

activation properties of the voltage-gated ?Cachannel ot T

subtype(s) or isoforms expressed in a particular cell type.

For example, several L-type €achannel isoforms have Wherexrepresents the activation variablegs Mea, Mean Nkor: aNdNy,
been identified, all of which exhibit different activation and "9 the inactivation variabley, hcar, andhor (when present). Note

. . . ' . e . ... that forl; the gating variable is automatically set to its steady-state value.
inactivation properties and sensitivities to dihydropyridine

agonists and antagonists (Wheeler et al., 1995; Catterall,

1998). In GT1 cells, the activation threshold and peak Mua. = (1 + exp(— (Vi + 42.0/4.9) 7%,

amplitude of the L-typeé,is shifted in the hyperpolarizing B

direction compared to that in other cell types (Van Goor et hya. = (1 + exp((Vm + 68.2/10.8) 7,

al., 1999b). In our GT1 cell model, incremental shifts in the _ _ _ -1

half-maximum activation of the L-type G4 channels inthe o2& (L + exp(=(Vm = W/12)

depolarizing direction caused a progressive reduction in the (whereV, is the half-maximum activation ofi.,..),
ability of AP broadening to enhance voltage-gated'Ca

entry. When the current-voltage relation more closely re- Mear. = (1 + exp(— (Vi + 56.2/10)) 7,
sembled that of classical L-type €achannels, the sharp .

AP spike drove more Ga entry than the broad waveform. hear, = (1 + expl(Vy + 86.4/4.7)) ",
These results suggest that the activation properties of the
L-type C&* channel isoform expressed in a particular cell
type can determine the impact of AP broadening on voltage- . = 0.7/1 + exp(—(V,, + 35)/10)* + 0.3,
gated C&" entry.

The steady-statex() functions are

nKDRx = (1 + eX[X—(Vm + 25)/15))71,

Ny, = (1 + exp(—(V,, + 37)/4)) 71,
APPENDIX
n.. = 0.8(1 + exp((V,, + 80)/12))" + 0.2.
The equation for membrane potenti#|,| is
dv Under normal conditionsy,, in the equation fomg,.. was —40 mV. In
C -m_ [ . Fig. 10,V,, was varied betweer 50 mV and—20 mV to shift the voltage
™ dt app  Tlonicy sensitivity of the L-type C&" channel in the model GT1 cell.
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